Flexural partitioning of a foreland system into foredeep, forebulge, and backbulge is the result of the interplay of lithospheric deflection under orogenic loading (flexural tectonics) and the structure of the underlying basement. Flexural tectonics is commonly invoked as the sole control on flexural profiles, which are modeled as dampened sine curves with wavelengths and magnitudes controlled by a number of physical parameters of the lithosphere and the applied loads. Basement tectonics is shown here to be an equally important control on the scale and shape of flexural provinces, by controlling the location of flexural hinge lines and the tilt directions within the foreland system. The case study for this paper shows that basement heterogeneity coupled with the selective reactivation of major crustal faults may lead to distortion of the ideal flexural profile, by modifying the wavelength and shape of individual flexural provinces.
INTRODUCTION
Foreland systems are associated with convergent plate margins where fold-and-thrust belts form as a result of compression and terrane accretion. These orogens represent tectonic loads that generate accommodation via lithospheric flexural deflections, i.e., foreland basins, on both the descending and the overriding plate (proarc and retroarc foreland basins, respectively; Beaumont, 1981; Jordan, 1995; DeCelles and Giles, 1996) . This paper focuses on the retroarc foreland settings, where flexural deflection is imposed on continental lithosphere.
Tectonic loading by orogens provides the defining feature of retroarc foreland systems, i.e., their partitioning into a foredeep (foreland basin), a forebulge (peripheral bulge) and a backbulge basin (DeCelles and Giles, 1996) (Fig. 1) . The initial uplift of the forebulge leads to the formation of an unconformity that is subsequently onlapped by foredeep strata and preserved at the base of the foreland fill as the basal unconformity (Crampton and Allen, 1995) . The progradation of the foreland system through time in response to the progradation of tectonic loads ( Fig. 1 ) leads to the gradual migration of the forebulge (basal) unconformity in a cratonward direction and explains the unconformity's presence at the base of the prograding foredeep facies (Fig. 2) .
The partitioning of the foreland system into foredeep, forebulge, and backbulge regions provides a critical control on the distribution of lithofacies along dip. The flexural profile is modeled as a dampened sine curve whose wavelength and magnitude depend upon the physical parameters of the lithosphere, such as thickness and rheology, as well as the magnitude and distribution of the applied loads (Beaumont, 1981; Turcotte and Schubert, 1982; Jordan, 1995; DeCelles and Giles, 1996) . In theory, the forebulge and the backbulge areas should have similar horizontal scales (about half of the flexural wavelength; DeCelles and Giles, 1996) , whereas the foredeep is narrower, approximately a quarter of the flexural wavelength (Turcotte and Schubert, 1982; Crampton and Allen, 1995) (Fig.  1) . As used in this paper, the flexural wavelength represents the distance along dip between two consecutive points of corresponding phase, similar to the concept of wavelength as applied to a mathematical sine curve.
Field reality is often different relative to these theoretical expectations, because of the interference of other factors that may control the geographic location of flexural hinge lines (e.g., Waschbusch and Royden, 1992; Bradley and Kidd, 1991) . An important secondary control on flexural wavelengths and the symmetry of the flexural profile is the structure, and composition, of the underlying basement, which may modify the rheological properties of the lithosphere. Basement tectonics has long been recognized as a local control on accommodation in sedimentary basins, but its influence on the shape of foreland systems has generally received less attention. This paper discusses the interplay of flexural and basement tectonics in the partitioning of foreland systems, based on the case study of the Dwyka Group in the Karoo Basin of South Africa (Figs. 2 and 3 ).
TECTONIC SETTING
The Karoo Basin of South Africa is a retroarc foreland system developed in front of the Cape fold belt (Fig. 3) , in relationship to the late Paleozoic-early Mesozoic subduction of the paleo-Pacific plate beneath Gondwana (Lock, 1980) . In a regional context, the Cape fold belt is part of the more extensive PanGondwanan mobile belt that was generated through compression, collision, and terrane accretion along the southern margin of Gondwana. The onset of subduction and tectonic loading is dated as Namurian, when the development of a subduction-related volcanic arc along the paleo-Pacific continental rim of Gondwana marked the change from a divergent to a convergent margin (Smellie, 1981; Mpodozis and Kay, 1992) (Fig. 2) .
The Mississippian (early Carboniferous) age for the initiation of subduction, compression, and tectonic loading along the paleo- Pacific margin of Gondwana is also consistent with the initial deformation documented for the South American segment of the PanGondwanan mobile belt (P.C. Soares, 1998, personal commun.) . In South Africa, the end of the oldest major tectonic paroxysm identified in the Cape fold belt is dated as Pennsylvanian (late Carboniferous) (Hälbich et al., 1983) (Fig. 2) , which indicates active tectonic loading during the sedimentation of the oldest deposits of the Karoo Supergroup. It can be concluded that the initiation of the Cape orogeny and the associated Karoo foreland system predated the oldest preserved (Pennsylvanian) Karoo sedimentary rocks, and thus is approximately placed in the Namurian (Fig. 2) .
The ϳ30 m.y. stratigraphic hiatus that separates the Cape Supergroup from the overlying Karoo Supergroup may thus be interpreted as the forebulge (basal) unconformity of the Karoo foreland system, formed during the early stages of tectonic loading and forebulge uplift. Subsequent progradation of the orogenic front resulted in the migration of the foredeep over the former location of the peripheral bulge ( Fig. 1) , marking the onset of sedimentation in the area that currently represents the most proximal part of the preserved Karoo Basin. The earliest Karoo sedimentary deposits (330-300 Ma) were therefore most likely overthrust, cannibalized, and included within the structures of the Cape fold belt. The large hiatus associated with the basal Karoo unconformity (representing ϳ30 m.y.) may reflect low rates of orogenic progradation and/or significant erosion of the underlying Cape Supergroup during the initial uplift of the forebulge.
The case study for this paper is the Dwyka Group, which accumulated during the underfilled stage in the evolution of the Karoo foreland system (Fig. 2) . A brief presentation of the facies variability recorded within the Dwyka Group along the dip of the basin follows (Fig. 3) .
SEDIMENTARY FACIES
The configuration of the Dwyka Basin may be envisaged along the lines of the model in Figure 1 , with a foredeep transgressed by an interior seaway, a forebulge uplifted above the base level, and a shallow backbulge depozone to the north. Lateral changes of the Dwyka facies follow closely the topographic variability of this flexural profile, shifting from marine facies in the foredeep to dominantly continental facies to the north. Superimposed on this tectonic control, the glacial climatic conditions that dominated the Pennsylvanian interval in southern Gondwana provide a common under- lying theme for the Dwyka sedimentation in the Karoo foreland system. The foredeep accumulated up to 800 m of silt-dominated marine diamictites with dropstones derived from floating ice (Visser, 1991) . The distal shoreline of this interior seaway, which approximates the boundary between the subsiding foredeep and the uplifted forebulge (Fig. 1) , was mapped by Visser (1991) and is illustrated in Figure 3 . The issue of how close this shoreline was to the actual flexural hinge line is discussed in more detail in the following section. A general feature of the foredeep succession is the uniform character and lateral continuity of the layers (Tankard et al., 1982) , suggesting deposition from suspension in a relatively low energy environment, and similar subsidence patterns on the regional scale of the basin.
In contrast to the situation south of the shoreline, the lateral correlation of the forebulge facies is difficult because of the irregular thicknesses and complex facies relationships of the succession. As the forebulge was uplifted above base level, the tillite accumulated largely as ground moraine associated with continental ice sheets, and is generally composed of basal lodgment and supraglacial tills. These deposits, with thicknesses that range in meters, are generally massive, but crude horizontal bedding occurs in places toward the top (Tankard et al., 1982) . The difficulty in correlating the forebulge Dwyka facies, even between exposures only a few kilometers apart, suggests local development of grounded ice lobes separated by ponds and outwash fans. The clasts are not imbricated, but some show a weakly developed long-axis alignment parallel to the direction of ice flow as inferred from the subjacent striated pavement (Tankard et al., 1982) . The general direction of ice movement within the forebulge area was from north to south, which parallels the paleogeographic reconstructions of Visser (1991) that indicate regional tilt to the south (Figs. 3 and 4) .
The backbulge basin of the Karoo foreland system includes sediments preserved in the Ellisras, Tshipise, and Tuli Basins (Bordy and Catuneanu, 2002) (Fig. 3) . The backbulge deposits, with thicknesses that range in meters, are markedly different from their foredeep or forebulge correlatives and include a mixture of colluvial and glacial-outwash alluvial facies derived from the more elevated forebulge to the south, as well as fluvial deposits derived from the craton (Faure et al., 1996; Bordy and Catuneanu, 2002) (Fig. 3) . Deposition in these environments took place under high-watertable conditions, marked by the presence of glacial or periglacial lakes. The lacustrine facies contain angular clasts ''floating'' in a muddy matrix, similar to the dropstones in the foredeep, suggesting the presence of floating ice (Bordy and Catuneanu, 2002) .
CONTROLS ON FLEXURAL WAVELENGTHS
The relative proportion between the width of flexural provinces as measured along dip may be explained by comparing the lithospheric flexural profile with a sinusoidal wave that is attenuated with distance away from the source. Along the direction of propagation of such a wave, each positive or negative deflection corresponds to half of its wavelength. The foredeep is also part of a half-wavelength segment of the flexural ''wave,'' but as the other part of the same downwarp is occupied by orogenic structures, the foredeep is invariably the narrowest flexural province, extending only about a quarter of the wavelength along dip (Fig. 1) . Following Turcotte and Schubert's (1982) modeling of the flexural response of an elastic plate floating above a fluid mantle substrate, Crampton and Allen (1995) also reached the conclusion that the wavelength of the deflection is a constant for the entire flexural profile of the foreland system, assuming that the plate is homogeneous.
The homogeneous nature of the underlying basement, assumed by theoretical models, is rarely (if ever) met by reality. In this case study, the basement is highly heterogeneous (Fig. 3) , being composed of blocks of different ages and rheologies. How does this affect the flexural partitioning of the foreland system? To answer this question, one needs to calculate the theoretical position of flexural hinge lines, as if the lithospheric deflection was solely controlled by flexural tectonics applied to a homogeneous plate, and compare the results with the flexural province boundaries observed in the field.
The flexural wavelength of the Karoo foreland system may be calculated on the basis of the distance measured along dip between the orogenic front and the distal edge of the backbulge basin, i.e., 1350 km (Figs. 3 and 4) . This distance corresponds to ϳ1.25 flexural wavelengths, if a quarter of the wavelength is assigned to the foredeep and half of the wavelength is assigned to each of the forebulge and backbulge flexural provinces (Fig. 4) . According to this calculation, the wavelength of the flexural sine curve is 1080 km, suggesting a high flexural rigidity in the region, and hence the flexural hinge lines-i.e., the limit between the foredeep and the forebulge and the limit between the forebulge and the backbulge-are expected to be located ϳ270 km and 810 km from the orogenic front, respectively (Fig. 4) . The accuracy of this calculation may be affected by several factors, including the post-Dwyka progradation of the orogenic front and the preservation potential of the backbulge deposits.
The progradation of the orogenic front following the Dwyka deposition was generally Ͻ40 km, so it can be neglected for simplicity.
The paleoflow directions recorded in the Tuli Basin indicate syndepositional tilt toward the forebulge; hence, a location on the distal side of the backbulge is most likely. This inference suggests that the preserved distal edge of the Tuli Basin is close to the syndepositional distal edge of the backbulge, even though an offset, and hence underestimation, of the total extent of the Karoo foreland system is possible. Such offset is thought to be negligible because the sedimentary fill of the backbulge basin was effectively sealed by thick basaltic lavas during the breakup of Gondwana and was protected from subsequent erosion.
A comparison between the theoretical flexural profile and a dip section through the Karoo foreland system allows assessment of the difference between model predictions and the field reality (Fig. 4) . The basement structure appears to have a strong influence on the location and extent of flexural provinces. The fault boundary between the Namaqua-Natal belt and the Kaapvaal craton matches the expected location of the flexural hinge line between the foredeep and the forebulge, whereas the distal limit of the forebulge is offset by ϳ200 km relative to the theoretical predictions (Fig. 4) .
The trajectory of the distal shoreline of the Dwyka interior seaway follows closely the contact between the Namaqua-Natal belt and the Kaapvaal craton (Fig. 3) . As sea level is an independent variable, the only time the shoreline may coincide with the location of the flexural hinge line is when sea level is approximately at the elevation of the adjacent craton (Fig. 1) . The presence of backbulge lacustrine facies in this case study indicates that base level was high and relatively close to the craton elevation, and hence the shoreline of the Dwyka seaway in Figure 3 provides a good approximation of the geographic location of the flexural hinge line.
The offset between the theoretical and actual location of the forebulge-backbulge boundary is explained by the reactivation during Dwyka deposition of the crustal fault that separates the Bushveld and the Pietersburg basement blocks (Fig. 4) . Displacement along this fault allowed the uplift and tilt of the Witwatersrand-Bushveld blocks as a rigid beam, which not only distorted the scale of the flexural profile, but also modified its expected sinusoidal shape. For this reason, the forebulge topography shows a consistent dip to the south, instead of dipping in opposite directions relative to a flexural apex.
